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Abstract Ubiquinone (UQ), an important component of the
electron transfer system, is constituted of a quinone structure and
a side chain isoprenoid. The side chain length of UQ differs
between microorganisms, and this difference has been used for
taxonomic study. In this study, we have addressed the importance
of the length of the side chain of UQ for cells, and examined the
effect of chain length by producing UQs with isoprenoid chain
lengths between 5 and 10 in Saccharomyces cerevisiae. To make
the different UQ species, different types of prenyl diphosphate
synthases were expressed in a S. cerevisiae COQ1 mutant
defective for hexaprenyl diphosphate synthesis. As a result, we
found that the original species of UQ (in this case UQ-6) had
maximum functionality. However, we found that other species of
UQ could replace UQ-6. Thus a broad spectrum of different UQ
species are biologically functional in yeast cells, although cells
seem to display a preference for their own particular type of UQ.
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1. Introduction
Ubiquinone (UQ), 2,3-dimethoxy-5-methyl-6-polyprenyl-
1,4-benzoquinone, is an essential component of the respira-
tory chain which provides energy for aerobically grown or-
ganisms. UQ is found in many types of organisms, but the
length of the isoprenoid side chain di¡ers depending on the
species. Therefore, UQs have been used for the taxonomic
study of microorganisms. UQ biosynthesis consists of 10 se-
quential steps including methylation, decarboxylation, hy-
droxylation, and isoprenoid transfer [1,2]. In the UQ biosyn-
thetic pathway, p-hydroxybenzoate (PHB):polyprenyl
diphosphate transferase, which transfers the isoprenoid side
chain to the quinone frame PHB, is thought to be a rate-
limiting enzyme. PHB:polyprenyl diphosphate transferases
have broad substrate speci¢city, and the length of isoprenoid
substrates does not alter their transfer activity [3]. Thus, the
length of the side chain is not determined by the substrate
speci¢city of PHB:polyprenyl diphosphate transferase, but,
rather, is determined by the nature of the isoprenoids as
shown by our previous experiments [4]. The isoprenoid side
chain of UQ is supplied by a product whose synthesis is cata-
lyzed by polyprenyl diphosphate synthase (PDS). So far, we
have succeeded in producing UQ-8 and UQ-9 in Saccharomy-
ces cerevisiae, which naturally produces UQ-6, by simply ex-
pressing the octaprenyl and solanesyl diphosphate synthases,
respectively. These results suggest that the side chain length of
UQ does not a¡ect fundamental UQ activity in S. cerevisiae.
However, experimental proof of this has been limited to only
a few species of UQ.
The present study was carried out to determine if there
exists a functional di¡erence between UQ species with isopre-
noid side chains ranging in size from 5 to 10 in S. cerevisiae.
We show that the natural species of UQ in S. cerevisiae has
maximum activity compared to other species of UQ. How-
ever, the species of UQ does not seem to be a phenotypically
critical factor for cell growth.
2. Materials and methods
2.1. Materials
Restriction enzymes and other DNA-modifying enzymes were pur-
chased from Takara Shuzo Co. and New England Biolabs. Kiesel gel
60 F254 thin-layer plates were purchased from Merck. Escherichia coli
strain JM109 was used for the general construction of plasmids [5]. S.
cerevisiae COQ1 disrupted strain YKK6 was used as a host strain for
the expression of prenyl diphosphate synthase genes. Strains were
grown at 30‡C in synthetic complete (SC) (0.67% (w/v) yeast nitrogen
base, 2% (w/v) glucose or 3% (w/v) glycerol, and appropriate amino
acids) minimal medium. Plasmids pUC118 and YEp13 M4 were used
as vectors [6].
2.2. Construction of the plasmids
To express various kinds of polyprenyl diphosphate synthases in S.
cerevisiae, we constructed new plasmids containing the genes for hep-
taprenyl diphosphate synthase [7,8] and decaprenyl diphosphate syn-
thase [9]. Both of the 1.0 kb EcoRI-HindIII fragments from the
HepPP synthase gene [7,8] and DPP synthase gene [9] were cloned
into the same sites of pSA1 [4], which has 53 amino acids of the Coq1
mitochondrial import signal, to yield pSH7 and pSD11, respectively.
Both of the 1.2 kb BamHI-HindIII fragments from pSH7 and pSD11
were cloned into the same sites of the yeast shuttle vector YEp13 M4
to yield pYH7 and pYD11, respectively. The plasmid Y-GGPSmut3,
which contains the mutated GGPP synthase gene from Sulfolobus
acidocaldarius, was obtained from Dr. Ohnuma [10]. The plasmid
YEpG3vSpH contains the hexaprenyl diphosphate synthase gene
from S. cerevisiae as described previously [4]. Plasmids pYE6 and
pYD10 were constructed previously [4,11]. Plasmids used in this study
are shown in Fig. 1.
2.3. Ubiquinone extraction and measurement
Ubiquinone was extracted by the method described previously
[4,12]. The extracted crude ubiquinone was analyzed by normal phase
thin-layer chromatography with standard ubiquinones. Normal phase
thin-layer chromatography was carried out on a Kiesel gel 60 F254
plate (Merck) with benzene-acetone (93:7, v/v). The UV visualized
band containing ubiquinone was removed from the thin-layer chro-
matography plate, and extracted with chloroform-methanol (1:1, v/v).
Samples were dried and the precipitate was redissolved in ethanol.
The puri¢ed ubiquinone was further analyzed by HPLC with ethanol
as the solvent [12].
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3. Results
3.1. Expression of various prenyl diphosphate synthases in
S. cerevisiae
To produce di¡erent types of UQ in S. cerevisiae, we con-
structed plasmids that express various prenyl diphosphate
synthase (PDS) genes. Fig. 1 shows the constructed plasmids
used for the production of UQ homologs. These PDS genes
on the plasmids were designed to be expressed from the orig-
inal COQ1 gene promoter. Two plasmids which express hep-
taprenyl diphosphate synthase and decaprenyl diphosphate
synthase were newly constructed. To target these prenyl di-
phosphate synthases into mitochondria, the 53 amino acid
mitochondrial import signal of hexaprenyl diphosphate syn-
thase (Coq1) from S. cerevisiae was fused to the N-terminal
side of prenyl diphosphate synthase by gene fusion on the
yeast expression vector. This 53 amino acid mitochondrial
import signal was previously shown to be functional for the
targeting of the fused protein into mitochondria [4]. Y-
GGPSmut3 has the mutated GGPP synthase gene from S.
acidocaldarius, and was expressed under phosphoglycerol kin-
ase promoter without the need for any other targeting signal
peptide [10]. This mutated GGPP synthase was altered to give
geranylfarnesyl diphosphate synthase activity which produces
5 units of isoprene [10].
To test whether these PDS genes on plasmids function in
yeast, we transformed them into the respiratory de¢cient S.
cerevisiae mutant, YKK6 (COQ1: :URA3). YKK6 can grow
on the SC minimal medium containing glucose but not on SC
minimal medium containing glycerol as sole carbon source,
because it does not produce UQ [4]. As shown in Fig. 2, all
strains which harbored a PDS gene grew on SC glycerol me-
dium as well as on SC glucose agar medium, indicating that
all of the expressed PDS proteins can complement the defect
in the COQ1 gene and restore normal respiration.
3.2. Determination of UQ species in YKK6
To examine which species of UQ were produced, we ex-
tracted UQs from the YKK6 strain harboring the various
constructed plasmids. Each strain produced a distinct UQ
species, while no UQ was detected in the YKK6 strain (Fig.
3G). In each of the YKK6 strains, Y-GGPSmut3 produced
UQ-5, YEpG3vSpH produced UQ-6, pYE6 produced UQ-8,
pYD10 produced UQ-9 and pYD11 produced UQ-10 as main
product (Fig. 3A^F). In all these cases, the expected kind of
UQ was detected. However, YKK6 harboring pYH7 hetero-
logously produced UQ-6 and UQ-7. Such heterologous pro-
duction of UQ is sometimes observed in organisms isolated
from the environment [11,13]. Basically, the length of the side
chain of UQ was consistent with the isoprenoid product sup-
plied from PDS. These results also suggest that S. cerevisiae
PHB:polyprenyl diphosphate transferase (Coq2) can transfer
isoprenoids ranging in size from C25 to C50 to the quinone
frame. The exact amounts of ubiquinone of those strains were
quantitated. The strains that produce UQ-5, UQ-6, UQ-7,
UQ-8 and UQ-10 produce 29.6, 27.7, 29.4, 31.6 and 12.3
Wg/g dry cells, respectively. The amounts were measured at
least twice and are represented as averages. The amount of
ubiquinone dose not di¡er much between species except UQ-
10.
3.3. Growth curve of S. cerevisiae producing di¡erent types of
UQs
To test the functionality of each quinone in yeast, we com-
pared the growth rates of strains carrying UQ-5, UQ-6, UQ-7,
UQ-8, UQ-9, or UQ-10 in SC minimal medium containing
glycerol (Fig. 4). The original strain producing UQ-6 dis-
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Fig. 1. Plasmid constructions used in this study. pYH7, pYE6, pYD10, and pYD11 have the mitochondrial import signal from the COQ1 gene
followed by the corresponding prenyl diphosphate synthase (PDS) gene. Y-GGPSmut3 expresses the mutated GGPP synthase gene under the
control of the phosphoglycerol kinase promoter. YEpG3vSpH contains the original COQ1 gene. The COQ1-PDS fused genes were expressed
under the control of the native COQ1 promoter. B, BamHI; E, EcoRI; H, HindIII; S, SstI.
Fig. 2. Complementation of the COQ1 disruptant by expression of
the COQ1-PDS fused gene. The YKK6 (COQ1: :URA3) strain har-
boring YEp13 M4 (A), YEpG3vSpH, which carries the COQ1 gene
(B), Y-GGPSmut3 (C), pYH7 (D), pYE6 (E), pYD10 (F) and
pYD11 (G) were grown on SC-Leu-Ura medium with glucose (I) or
glycerol (II).
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played the maximum growth rate, with strains expressing oth-
er quinones growing a little slower. However, these di¡erences
were minor, indicating that although there seems to be a pref-
erence for a particular UQ species depending on the species,
this does not a¡ect the fundamental growth ability of S. cere-
visiae.
4. Discussion
In this study, we addressed the biological signi¢cance of the
side chain length of UQ using S. cerevisiae as a model organ-
ism. We made S. cerevisiae producing UQ-5 to UQ-10 by
expressing di¡erent types of prenyl diphosphate synthase in
a COQ1 mutant which lacks hexaprenyl diphosphate syn-
thase. The di¡erent types of UQ ranging in size between
UQ-5 and UQ-10 were successfully produced as main prod-
ucts except for UQ-7. Functional di¡erences in complementa-
tion were not observed between the strains producing di¡erent
UQs on SC glycerol plates (Fig. 2). The amount of UQ pro-
duction was almost the same between the di¡erent strains
(Fig. 3). The growth curve of these strains indicated a prefer-
ence for the original UQ species, but did not change appreci-
ably when the strain produced another type of UQ (Fig. 4).
These results seem reasonable in light of observations that
show the quinone part to be more important than the side
chain part for UQ function. In fact, it has been shown bio-
chemically that the side chain part of UQ is not a critical
factor for UQ function [4,11]. The question remains, however,
why do di¡erent organisms have a preference for a special UQ
species, as surveyed by taxonomic researchers [13]? We spec-
ulate that there may exist a special a⁄nity between the lipid
composition of the membrane of a given organism and the
length of its UQ isoprenoid group. In other words, there may
be a link between the isoprenoid length of UQ and the mem-
brane hydrophobicity of a particular organism.
We produced di¡erent species of UQ, the isoprenoid groups
of which ranged in size between 5 and 10, by simply express-
ing the appropriate PDS genes in S. cerevisiae. However, we
were unable to produce UQ-4. We have tried to produce UQ-
4 by expressing the GGPP synthase gene from an Arabidopsis
source with mitochondrial targeting signal, but signi¢cant
production of UQ-4 was not detected (data not shown). Be-
cause geranylgeranyl diphosphate was used for protein preny-
lation, there may be some limitation regarding the use of
shorter units of isoprenoid as a side chain of UQ. In fact,
only trace amounts of UQ-4 have been observed in organisms
isolated from the environment [12].
Our conclusions drawn from observations of the in vivo
function of UQ species in yeast are supported by the results
of studies of the in vitro function of UQ [14]. So far, we have
not seen a signi¢cant correlation between the side chain length
of UQ and biological activity. However, considering the fact
that most microorganisms use a highly speci¢c UQ species,
some unknown role for the length of the isoprenoid group of
UQ may still exist.
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Fig. 4. Growth curves of YKK6 producing di¡erent kinds of UQs.
YKK6 harboring Y-GGPSmut3 (a), YEpG3vSpH (R), pYH7 (E),
pYE6 (8), pYD10 (P), and pYD11 (W) were precultured, diluted
200-fold into fresh SC minimum liquid medium containing glycerol,
and then grown for 5 days. OD600 values were measured and plot-
ted.
Fig. 3. Detection of UQ species in YKK6 expressing various PDS
genes by high-performance liquid chromatography. UQs were ex-
tracted from YKK6 (COQ1: :URA3) harboring Y-GGPSmut3 (A),
YEpG3vSpH (B), pYH7 (C), pYE6 (D), pYD10 (E), and pYD11
(F) as described in Section 2. No UQ was detected in YKK6 itself
(G).
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